We have investigated ablation of polymers with radiation of 13.5 nm wavelength, using a table-top laser produced plasma source based on solid gold as target material. A Schwarzschild objective with Mo/Si multilayer coatings was adapted to the source, generating an EUV spot of 5 µm diameter with a maximum energy density of ∼1.3 J/cm 2 . In combination with a Zirconium transmission filter, radiation of high spectral purity (2% bandwidth) can be provided on the irradiated spot. Ablation experiments were performed on PMMA, PTFE and PC. Ablation rates were determined for varying fluences using atomic force microscopy and white light interferometry. The slopes of these curves are discussed with respect to the chemical structure of the polymers. Additionally, the ablation behavior in terms of effective penetration depths, threshold fluences and incubation effects is compared to literature data for higher UV wavelength.
Introduction
Laser ablation and photo-etching of polymers have been studied extensively especially in the visible and deep ultraviolet (DUV) spectral range [1] [2] [3] [4] [5] . For these wavelengths, ablation can be described in terms of thermal, photo-thermal and photo-chemical models, or as a combination of these mechanisms [6] . From a practical point of view, a structuring process based on photochemistry is preferable, since the absence of thermal influences leads to smoother profiles with less debris, accomplishing higher spatial resolu-F. Barkusky ( ) · A. Bayer · K. Mann Laser-Laboratorium-Göttingen e.V., Hans-Adolf-Krebs-Weg 1, 37077 Göttingen, Germany e-mail: frank.barkusky@llg-ev.de tion and smaller structure sizes. A prerequisite for a predominant photochemical process without thermal load is short wavelength radiation with photon energies high enough to directly break the polymer bonds [6] . Furthermore, taking the Rayleigh criterion into account, the use of short wavelength radiation increases the theoretical resolution of optics, accomplishing the direct generation of feature sizes below 100 nm [7] .
The interaction of radiation with a wavelength lower than 157 nm with various polymers was investigated in a number of publications up to now. Examples are the structuring of PMMA using a capillary discharge Ne-like Ar laser (wavelength 46.9 nm, pulse duration 1.2 ns) [8] , the free-electron laser (FEL) in Hamburg (FLASH) emitting EUV radiation at a pulse duration of 25 fs [9] , and a zinc x-ray laser (wavelength 21 nm, pulse duration 90 ps) [10] . In this context it is interesting to note that at the FLASH light source the ablation of PMMA is used also for spatial characterization of the FEL beam.
Many experiments were performed using synchrotron sources, investigating the influence of low energy density EUV radiation on polymers like PMMA [11] [12] [13] or PTFE [14] [15] [16] . In the last years also table-top EUV sources [17, 18] were used for structuring of polymers. Using a laser-induced Ta plasma in combination with a grazing incidence Au covered collector mirror an energy density of up to 0.3 J/cm 2 was obtained that could be applied for ablation of silica glass [19] . Unfortunately, grazing incidence mirrors are not useful for mask-projection due to their inherently low numerical aperture and corresponding low spatial resolution.
In this paper, we present a table-top EUV setup which is able to generate energy densities up to 1.3 J/cm 2 at pulse durations of 8.8 ns with high spectral purity. It consists of a laser-produced plasma based on a solid gold target. The EUV radiation is focused by a modified Schwarzschild objective, consisting of two spherical Mo/Si multilayer mirrors. The spectral filtering of incident radiation by the Mo/Si mirrors (bandwidth ∼2% @ 13.5 nm) in combination with a zirconium foil for blocking non-EUV radiation (T 20 nm-3000 nm < 1%) ensures that all observed effects can be attributed to 13.5 nm radiation exclusively. The resolution of the objective is roughly 130 nm [20] .
We present investigations on the direct photo-etching behavior of various polymers under intense spectrally pure EUV radiation. Etch depths for different pulse numbers and energy densities are measured by atomic force microscopy. The resulting etch rates and calculated attenuation lengths are discussed with respect to the chemical structure of the polymers and compared with respective data from excimer laser ablation studies. Furthermore, the roughness of the etched profiles was determined and compared to the nonirradiated polymer surface, indicating a smooth ablation process independent from the applied EUV energy density.
Experimental setup
The experimental setup consists of a laser-based EUV/XUV source and a separate optics chamber adapted to this source (cf. Fig. 1 ) [21] [22] [23] . EUV radiation is generated by focusing a Nd:YAG laser (Innolas, wavelength 1064 nm, maximum pulse energy 700 mJ, pulse duration 8.8 ns) onto gaseous or solid targets [26, 28] . For small EUV plasmas with high brilliance, a solid Au target (200 µm thick Au foil fixed on a copper rod) is used, yielding a plasma diameter of ∼50 µm (FWHM).
In order to achieve high EUV fluences, a Schwarzschild objective with a demagnification of 9.8× at a maximum numerical aperture of 0.4 was employed [24] . It consists of two spherical, annular mirror substrates coated with a Mo/Si multilayer system (reflectivity R ∼ 0.65 per mirror at 13.5 nm). A plane mirror (Au coated silicon wafer, R ∼ 0.675 for grazing angle of 10 degree [25] ) is positioned between source and objective in order to protect the Mo/Si multilayers against contamination from debris of the laser plasma. Due to a significant reflectivity of the Mo/Si mirrors also at wavelengths above 100 nm, a 200 nm thick zirconium foil fixed on an etched steel mesh was inserted in the beam path, blocking effectively all radiation above 25 nm [25] . Table 1 compiles selected properties of the employed EUV source and optics system as used in the experiments. The plasma diameter was measured by direct photo-etching of PMMA at low fluences (below 500 mJ/cm 2 ). Here, the depth per pulse is linear to the incident EUV energy density [26] . Hence, the intensity distribution in the focus of the Schwarzschild objective is proportional to the depth profile of the ablation crater and can be easily determined from Using a spherical laser focus on the gold target, EUV energy density saturates at 0.73 J/cm 2 due to overheating of the plasma by the incoming laser energy. Further enhancement was achieved by use of a line focus rather than a spherical focus on the solid target [27] , leading to a maximum EUV fluence of 1.35 J/cm 2 .
Experimental results
In order to complete and extend the results of previous publications [26, 28] , polymethyl methacrylate (PMMA), polytetrafluoroethylen (PTFE) and polycarbonate (PC) were used for ablation experiments. In Fig. 2 chemical formulas of the polymers are displayed.
Polymer plates of 1-3 mm thicknesses (Goodfellow) were cut into 1 cm × 1 cm pieces and cleaned in ethanol using an ultrasonic bath before exposure. Each polymer was irradiated with EUV spots of different EUV energy densities with 1, 5 and ten pulses per site. Maximum depths were measured by atomic force microscopy in tapping mode.
In Fig. 3 (left) , the AFM image of PMMA is displayed, irradiated with a single EUV pulse of 1.3 J/cm 2 . The observed very smooth surface of the ablated area is typical for the EUV-polymer ablation process presented in this paper. Independent from the investigated polymer, the roughness increases by less than 30% (PMMA: <10% from a RMS value of ∼5.4 nm, measured by AFM on a non-irradiated site of the sample).
In Fig. 3 (right), PMMA crater depths for selected energy densities are displayed as a function of the number of applied EUV pulses. A strong linear dependence between depth and pulse number can be observed. This absence of incubation effects is typical for the investigated polymers and can be observed for all applied EUV energy densities. From the linear fit of the fluence dependent ablation depths the ablation rates can be determined. For PMMA, these results are displayed in Fig. 4 .
For low fluences up to ∼500 mJ/cm 2 , a linear dependence can be observed with a slope of 0.016 (nm/pulse)/ (mJ/cm 2 ). The absence of a threshold fluence was already shown in previous publications for much lower energy densities down to several mJ/cm 2 [28] . This indicates a photochemically dominated process, where the energy of single photons (∼92 eV at 13.5 nm wavelength) is high enough to break the polymer bonds, having binding energies in the range of several eV [30] . Single polymer fragments might be disconnected from the polymer and escape into vacuum, leading to a very low ablation rate per pulse. For higher fluences above 600 mJ/cm 2 the ablation rate increases dramatically to values of more than 100 nm/pulse. The logarithmic trend of these data can be fitted by (1), resulting from Lambert-Beers law [29] :
where r denotes the ablation rate, α eff the effective absorption coefficient, H the applied energy density, and H th the threshold energy density for the logarithmic trend. The parameters of the fit are summarized in Table 2 , yielding a threshold fluence of 558 mJ/cm 2 for PMMA and an effective penetration depth (=1/α eff ) of ∼135 nm. The latter is only 25% lower than the tabulated penetration depth of approximately 180 nm [25] . This good correlation is also an indication for a photochemical process, since the material is removed only from the sample volume in which the incoming radiation is absorbed. For PTFE and PC the ablation rates were measured in the same way as for PMMA. Results are displayed in Fig. 5 , fit parameters are listed in Table 2 . Like PMMA, both polymers do not show an energy density threshold for material removal. However, the fluence dependence of the ablation rate is different: In case of PTFE the linear fit for low fluences merges smoothly into the already observed logarith- mic trend for higher fluences. The slope of the linear fit curve is 0.099 (nm/pulse)/(mJ/cm 2 ), which is the highest for the three polymers. From the logarithmic fit for higher fluences (>0.3 mJ/cm 2 ), an effective penetration depth of 29 nm can be determined, being only ∼40% lower than the tabulated value of ∼50 nm [25] . This low penetration depth compared to PMMA and PC is an indication for a very strong absorption of 13.5 nm radiation, resulting from the high fluorine content in the chemical structure of PTFE (see Fig. 2, [25] ). This might also explain the strong increase of the ablation rate at low fluences.
The graph for PC is comparable to PMMA, with a linear range for fluences below 600 mJ/cm 2 and a strongly increasing rate at higher energy densities, showing a logarithmic trend (Fig. 5, right) . However, the ablation rates are approximately one order of magnitude smaller than for PMMA, even though the tabulated penetration depths are similar. This results in a huge difference between the effective penetration depth of ∼13 nm, calculated from the logarithmic fit, and the tabulated value of approximately 200 nm. The main reason might be the chemical structure of PC with numerous aromatic rings. This structure protects the polymer from radiation damage. Assuming a predominant photochemical degradation process, a broken aromatic double bond would not lead necessarily to a broken polymer chain. This behavior is already known from experiments in the UV spectral range [31] . The reduced photo-induced fragmenta- tion of the polymer due to the aromatic groups could lead to higher photo-thermal heating of the material. This would also explain a ring-shaped change in the surface morphology around the irradiated area, as displayed in a previous publication [26] . The parameters determined from the measured ablation curves as well as tabulated penetration depths are compiled in Table 2 . Due to the high numerical aperture of the Schwarzschild objective, the incidence angles on the irradiated samples range from 12.7 deg to 26.6 deg. Therefore, the theoretical penetration depths are calculated for the mean angle of ∼20 deg.
Comparison with ablation at higher wavelengths
In order to compare the characteristics of the described ablation curves with experiments in the deep and vacuum UV spectral range, corresponding literature data are compiled in Table 3 (PTFE) and Table 4 (PMMA). For comparability, only data for nanosecond pulse durations are displayed.
Apart from femtosecond laser ablation where multiplephoton processes are dominant [34] , structuring of PTFE with wavelengths above 193 nm is hardly possible due to the low absorption and/or high penetration depth [35] . For shorter wavelength the absorption increases, whereas the threshold value of the ablation decreases from 1,6 J/cm 2 (λ = 193 nm) to 1 mJ/cm 2 for λ = 125 nm. The effective penetration depths, determined from the ablation rates, are reduced accordingly from ∼6.6 µm to 0.1 nm. For even shorter wavelengths the values for effective and tabulated penetration depths are rising again. This change in the absorption mechanism around λ = 125 nm can be explained by the fact that here the photon energy of ∼10 eV is in the range of the binding energy in the polymer [30] . Therefore, the highest absorption cross-section is observed in this spectral region. With further increasing photon energies, single photons are able to break one or more chemical bonds. Hence, even lowest EUV energy densities are leading to detectable material removal.
A similar behavior can be observed for PMMA, as displayed in Table 4 . For the DUV wavelengths of 193 nm and 248 nm incubation effects have been reported, which can be explained by the formation of C=C bonds due to the first UV pulses, enabling an effective absorption of the UV radiation within the polymer [42] . Consequently, the ablation rates are strongly increasing after several pulses, and the effective penetration depth for high pulse numbers is much lower than the tabulated one. For wavelengths below 157 nm no incubation effects can be observed, although C=C bonds are generated during irradiation [26] . However, since the absorption in the EUV wavelength range depends more on the atomic species than on the character of chemical bonds [25] , the formation of C=C bonds would not change the absorption behavior of the polymer significantly.
The ablation threshold fluence decreases from H th = 750 mJ/cm 2 (λ = 248 nm) rapidly to ∼1 mJ/cm 2 at λ = 125 nm. As already mentioned for PTFE, the photon energy at this wavelength is in the range of the binding energy of the chemical bonds within the polymer. Therefore, even a single photon can cause bond breaking, probably resulting in material removal.
Due to the dominating photo-chemical process, in principle no ablation threshold should be detectable for PMMA at 13.5 nm. This could be confirmed by measuring a substantial material removal also at very low fluences of several mJ/cm 2 [28] . However, the ablation rate increases rapidly for EUV energy densities above 558 mJ/cm 2 . Since the roughness of the ablation profile does not increase with higher energy density, a threshold behavior caused by thermal evaporation or melting can be excluded.
One possible reason for this strong increase of the ablation rate might be the number of chemical bonds which are broken by the incoming EUV photons. At fluences higher than ∼558 mJ/cm 2 , this number might exceed a critical number, from where a collective material removal of the polymer fragments becomes possible, whereas for lower fluences, material removal might be a more statistical process.
Additionally, the threshold behavior could also be thermally assisted. Since the fragments need a certain amount of kinetic energy for leaving the surface, a photon-induced increase of the target temperature would accelerate the ablation process.
Summary
The EUV induced ablation of the polymers PMMA, PTFE and PC was investigated, employing spectrally pure radiation from a lab-scale source at the wavelength of 13.5 nm. For all three polymers, no incubation behavior could be observed, independent from the EUV energy density. However, the measured ablation rates strongly depend on the polymer type, as well as on the applied EUV fluence. A linear dependence could be detected for low fluences, whereas for higher fluence a logarithmic trend was found. The latter can be described by Lambert-Beer's law, enabling the calculation of ablation thresholds and effective penetration depths. The data were compared and analyzed with respect to the chemical structure of each polymer. For PMMA and PTFE, the effective penetration depths are comparable to tabulated values, indicating a photo-chemical ablation process, where the absorbed photons lead to a strong fragmentation and therefore an emission of small fragments into vacuum. This statement is substantiated by AFM measurements, showing very smooth ablation profiles independent from the incident EUV energy density.
The results were compared to literature data of polymer ablation at higher wavelengths up to 248 nm. It can be concluded that the ablation process at EUV/XUV wavelengths is significantly different from the deep and vacuum UV spectral range (for example PMMA at 248 nm). The main reason is the high photon energy of ∼92 eV, which is nearly one order of magnitude higher than the binding energies within the polymer [30] . The strong fragmentation of the investigated polymers results in very smooth ablation profiles and the absence of an incubation behavior.
